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ABSTRACT 


Within  the  next  few  years,  nuclear  reactor  -  thernal 
ay  a  tens  will  most  logically  supply  the  large  power  requirements 
for  space  vehicles  utilising  electric  propulsion  units.  An  In¬ 
tegral  part  of  the  system  is  the  radiator  for  the  dissipation 
of  waste  heat. 

The  ideal  Carnot  thermodynamic  cycle  is  analysed  to  de¬ 
termine  the  relationship  between  radiator  characteristics  and 
the  over-all  system.  For  minimum  radiator  area,  the  heat 
rejection  temperature  Is  shown  to  be  three-fourths  of  the 
heat  addition  temperature.  An  expression  is  derived  for 
minimum  radiator  area  as  a  function  of  power  output  of  the 
cycle  and  radiator  temperature,  and  the  Carnot  cycle  efficiency 
is  shown  to  be  2 5  percent  for  minimum  radiator  area.  The  an¬ 
alysis  is  then  extended  to  the  actual  Ranklne  thermodynamic 
cycle,  taking  into  account  properties  of  working  fluids  and 
the  Inefficiencies  of  system  components.  An  expression  is  de¬ 
rived  to  show  the  relationship  between  the  radiator  tempera¬ 
ture  and  heat  addition  temperature  for  the  case  of  optimum 
cycle  work  and  minimum  radiator  area.  Another  equation  ex¬ 
presses  the  radiator  area  as  a  function  of  power  output  and 
the  heat  addition  and  heat  rejection  temperatures  of  the 
actual  Ranklne  cycle.  A  figure  illustrates  that  Increased  heat 
addition  temperatures  result  In  substantial  reductions  in  the 
radiator  size. 

Suitable  working  fluids  for  a  nuclear  reactor  -  thermal 
system  are  discussed.  Elements  are  more  attractive  than 
alloys  or  compounds.  Liquid  metals  have  desirable  properties; 
rubidium,  potassium  and  sodium  are  found  to  be  most  suitable 
for  the  system  described. 
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1 .  IHTRODUCTIOM 

Space  vehicles  utilising  electric  propulsion  units  will  require 
large  amounts  of  power.  Within  the  next  few  pears  the  nuclear 
reactor  -  therual  s paten  appears  to  be  the  noat  attractive 

apetea  to  aeet  theae  requlrcuaata . 

Kackap  £1]  haa  conpared  therual  powerplant  c poles  for 
apace  vehicles  and  haa  concluded  that  vapor  cycles  are  far 
superior  to  other  therual  cycles,  including  the  Brayton  gas 
cycle.  He  found  that  the  efficiencies  of  the  vapor  cycles  are 
not  greatly  different  frou  those  obtainable  with  the  ideal  Car¬ 
not  cycle,  and  therefore  are  probably  the  best  that  can  be 
obtained  frou  a  therual  cycle. 

In  this  paper,  consideration  will  be  given  to  a  theruodynanic 
vapor  cycle,  as  nay  be  envisioned  for  use  in  a  space  vehicle. 

The  power,  propulsion  and  heat  rejection  systeu  la  shown  sche- 
uatically  In  Figure  1.  The  heat  source  is  a  nuclear  reactor 
wherein  the  liquid  working  fluid  is  transforued  to  a  vapor  which 
passes  through  a  turbine  and  into  a  radiator  where  it  is  con¬ 
densed  back  to  a  liquid,  accoupanied  by  a  rejection  of  waste 
heat.  The  direct  condenser  «*  radiator  nay  not  necessarily  bo 
the  best  scheue  for  condensing  vapor  in  an  aetual  apace  ve¬ 
hicle,  but  it  is  ooaaidsred  feasible. 

The  purpose  of  this  paper  is  to  present  an  analysis  of  the 
theruodynanic  eycle  to  detsndns  the  relationship  between  the 
radiator  eharaeteristioa  sad  the  over-all  systeu,  and  to  dis¬ 
cuss  possible  working  fluids  for  a  auelear  reactor  -  therual 

systeu. 

2.  CYCLE  Al ALIBIS  TO  DBTBIMVB  RADIATOR  CHARACTERISTICS 

The  systeu  shown  la  Figure  1  utilises  an  actual  Rankins 
cycle  for  tho  working  fluid.  The  Rankins  cycle  closely  approaches 
the  Carnot  eyele  la  principle.  The  Carnot  cycle  is  considered 
the  ideal  theruodynaule  cycle.  By  coopering  the  perforoance  of 
the  aetual  Ranldae  cycle  to  the  Carnot  cyole,  one  nay  see  how 
near  tho  aetual  cyole  is  to  porf action. 

Therefore,  an  analysis  will  fi rat  be  made  of  the  Carnot 
cyole  to  deteralas  tho  eharae torts tios  of  the  radiator.  The 
analysis  will  then  bo  oxtosdod  to  tho  actual  Rankins  cyole,  to 
deterulae  the  radiator  characteristics  as  Influenced  by  an  ac¬ 
tual  (rather  than  an  Ideal)  working  fluid  and  by  inefficiencies 
of  systeu  couponents. 
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NUCLEAR 


POWER,  PROPULSION  AND  HEAT  REJECTION  SYSTEM 


a.  Id— I  Carnot  Cycle 

The  Carnot  cycle  In  shown  in  Figure  2.  It  prod— 
tho  — I—  aoouat  of  work  obtninnblo  fron  a  h— t  —gins  op- 
o rating  botw— n  two  fixod  tonporatoro  Units.  In  this  idoaUsod 
cycle,  tho  working  fluid  is  isontroplcaUy  conpressod  between 

foists  d  and  a  |  hoat  is  addsd  isotherms Uy  at  tan poraturo 
i  bstwo—  points  a  and  b  j  tho  fluid  is  isontroplcaUy  ex¬ 
panded  bstwo—  points  b  and  c  j  and  h— t  is  rejec tod  f  roe 
tho  fluid  isothoruaUy  botwo—  points  c  and  d  .  Tho  efficiency 
of  tho  id— Usod  Carnot  cycio  is  indop— d— t  of  tho  properties 
of  tho  working  fluid. 

Using  tho  t— poraturo  -  entropy  diagram  of  figure  2, 
tho  efficiency  of  tho  cycle  is  dorirod  by  f sires  [2]  as  follows! 


Q A  ■  H— t  Added  ■  area  under  curro  a-b 

■  VH-V 
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RANKINE  CYCLE 


expanded  In  the  turbine  to  point  3.  If  the  turbine  were  100 
per  cent  efficient,  the  expansion'  would  be  isentropic  to  point 
3#  .  The  fluid  is  then  condensed  lsotheraally  to  point  4  and 
rejects  heat  during  the  process*  At  point  4>  the  cycle  is 
started  again.  The  path  between  points  4  and  1  is  not  isen¬ 
tropic  as  in  the  Carnot  cycle  because  heat  suet  be  added  to 
the  fluid  in  a  liquid  state  between  points  5  and  1.  Therefore, 
it  is  apparent  that  the  absorption  of  heat  by  the  liquid  at 
temperatures  less  than  the  maximum  teaperature,  T.  ,  decreases 
the  efficiency  to  less  than  that  of  the  corresponding  Carnot 
cycle. 


An  actual  rapor-liquld  Ranldne  cycle  differs  froa  the 
ideal  Ranldne  cycle  because  the  actual  pumping  and  expansion 
processes  would  be  accompanied  by  entropy  increases,  and  the 
flow  processes  would  involve  pressure  losses  due  to  fluid  fric¬ 
tion  and  changes  in  fluid  momentum  during  phase  changes.  How¬ 
ever,  a  preliminary  cycle  analysis  can  be  made  by  neglecting  the 
effects  of  all  of  these  deviations  except  that  for  the  turbine 
expansion  process.  Also,  the  pump  work  may  be  neglected  with¬ 
out  serious  results.  Therefore,  in  the  following  analysis,  the 
actual  Ranldne  cycle  will  be  considered  as  the  process  1-2-3-4-1 
illustrated  in  Figure  3. 

Referring  to  Figure  3,  the  heat  added  to  the  working 
fluid  may  be  expressed  as  the  heat  necessary  to  raise  the 
temperature  of  the  liquid  from  T»  to  T plus  the  heat  neces¬ 
sary  to  completely  vaporize  the  Fluid.  In  other  words,  it  is 
the  change  in  enthalpy  between  point  4  and  point  2: 


Qa  "  h«  ’  h«  (9) 


The  heat  rejected  by  the  working  fluid  is  that  heat 
which  is  released  during  the  condensation  of  the  wet  turbine 
exhaust  vapor  at  point  3  to  the  saturated  liquid  at  point  4,  i.e.: 


aR  -  h,  -  h.  do) 

The  work  of  the  actual  Ranldne  cycle,  ,  Is  the  dif¬ 
ference  between  the  heat  added  and  the  heat  rejected: 


W 


r 


(11) 
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Referring  to  Figure  3,  the  work  is  the  difference  in  enthalpy 
between  point  2  end  point  3  ,  or  the  change  in  enthalpy  when 
the  working  fluid  undergoes  expansion  in  the  turbine.  If  the 
turbine  were  100  percent  efficient,  the  expansion  would  be 
lsen tropic,  i.e.,  the  work  would  be  the  difference  in  enthalpy 
between  point  2  and  point  3*  •  But  because  the  actual  turbine 
is  less  than  100  percent  efficient,  the  expansion  takes  place 
with  an  increase  in  entropy,  to  point  3*  Thus,  the  work  of 
the  cycle  nay  also  be  expressed  in  the  following  wanner  to  take 
into  account  the  turbine  efficiency  t)  t 


Wr  -  (h,-  h,')  (12) 


The  efficiency  of  the  actual  Rankine  cycle  is  the  ratio 
of  the  work  of  the  cycle  to  the  heat  added  to  the  cycle: 


il  .  h»~  h»  .  > 

**  b,—  h4  h,  —  h4 


(13) 


To  obtain  a  picture  of  the  differences  in  the  efficien¬ 
cies  of  tho  Car not  cycle,  the  ideal  Rankine  cycle  (turbine  100 
percent  efficient),  and  the  actual  Ranldne  cycle  (turbine  less 
thsn  100  percent  efficient),  Figure  4  has  boon  prepared.  This 
figure  is  based  upon  the  use  of  potassium  as  the  working  fluid, 
with  a  turbine  inlet  temperature  of  2100aR,  and  varying  radi¬ 
ator  temperatures.  For  the  actual  Rankine  cycle,  a  turbine 
efficiency  of  85  percent  was  assumed. 

At  this  time,  it  is  convenient  to  introduce  the  work 
factor,  k  ,  which  nay  be  defined  as 


k 


(14) 


In  other  words,  the  work  factor,  k  ,  is  the  ratio  of  efficiency, 
and  of  the  work,  of  the  actual  Rankine  cycle  to  that  of  the 
Carnot  cycle.  The  work  factor  will  be  useful  in  determining  the 
optimum  temperature  ratios  and  minimum  radiator  area  for  the 
actual  Rankine  cycle. 

The  work  of  the  actual  Rankine  cycle  nay  also  be  ex¬ 
pressed  as  the  product  of  the  heat  added  and  the  cycle 
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TURBINE  INLET  TEMPERATURE  2IOO°R 


IDEAL  RANKINE  AND  ACTUAL  RANKINE  CYCLES 


efficiency: 


"r  -  “A  V  <«> 

Coabining  Eqa.  ( 1 1 )  and  (15), 

flA  '  ®R  ■ 
or 

QA(1  “  V  "  Gr  a*) 

The  heat  rejected  by  the  radiator  la: 


Gr  “°*ar  tr4  U> 

which  a ay  be  coablned  with  Bq.  ( 1 6 )  to  obtain 


V‘-V  ■•‘iV 


or 


(17) 


Coabining  Eqa.  (l)  and  (14),  one  obtaina 


(18) 


which  aay  be  uaed  in  Bq.  (17)  to  obtain  the  following  axprea- 


Since  the  work  of  the  actual  Ranldne  cycle  is  expressed 
by  Eq.  (15),  it  nay  be  combined  with  Eq.  (19)  to  obtain: 


W. 


% 


°  *  ar  v 


(20) 


Using  the  value  of  'Ij,  from  Eq.  (l8)  in  combination  with  Eq. 
(20),  the  work  of  the  actual  Ranldne  cycle  per  unit  radiator 
area  may  be  finally  expressed  by: 


oeAi 


(21) 


As  in  the  case  of  the  Carnot  cycle,  the  work  of  the 
actual  Ranldne  cycle  per  unit  radiator  area  can  be  optimized 
by  differentiating  Eq.  (21)  with  respect  to  T  and  setting 
the  result  equal  to  zero,  as  shown  in  the  following  steps: 
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4  kTR  -  TrTa  (8k  -  5)  -  4  Ta#  (1-k)  -  0 


Therefore, 
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TA  (8  k-5)±^TA»  (8k-5)"»  64  kTA(i-k) 

8k 


Rearranging,  and  diaregarding  the  ainua  root,  which  does  not 
hare  a  physical  aeanings 


1_ 

8k 


25  -  16k 


(22) 


This  equation  expresses  the  relationship  between  the 
radiator  teaperature  and  the  heat  addition  teaperature  for 
the  case  of  optima  work  and  ainiaua  radiator  area  of  the  ac¬ 
tual  Rankine  cycle.  For  the  Carnot  cycle,  k  »  1  ,  and  it  is 
interesting  to  note  that  TR  »  3/4  TA  ,  which  is  the  saae  ralue 
shown  by  Bq.  (6). 


It  is  enlightening  to  visualise  the  effect  that  varying 
values  of  the  work  factor,  k  ,  have  upon  the  optiaua  teaper¬ 
ature  ratio,  T_/Ta  ,  Figure  5  illustrates  the  relationship  be¬ 
tween  k  and  Td/Ta  when  values  of  k  froa  0.3  to  1.0  are  in¬ 
serted  in  Bq.  122*.  It  nay  be  seen  that  the  value  of  T_/TA 
lies  between  0.75  and  0.80,  and  does  not  differ  too  greatly1 
from  0.75,  which  is  the  value  deterained  for  optiaua  Carnot 
cycle  perforaance.  This  fact  has  been  pointed  out  by  Blectro- 
Optical  Systeas,  Inc.  [5]  •  Thus,  it  may  be  concluded  that 
the  radiator  teaperature  for  the  actual  Rankine  cycle  will  always 
be  approxlaately  three-fourths  of  the  turbine  inlet  teaperature. 

Equation  (21)  can  be  rearranged  to  provide  an  expres¬ 
sion  for  the  radiator  area  of  the  actual  Rankine  eyelet 
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TEMPERATURE  RATIO, TB/TA  VS  WORK  FACTOR 


(23) 
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iTgLI 
0  • k  V 


Thus,  with  Bq.  (22),  it  Is  possible  to  determine  the 
optimum  radiator  temperature  for  any  given  value  of  ,  and 
using  these  teapersture  rslues,  to  deteraiae  the  aiaiana  radi¬ 
ator  area  by  using  Bq.  (23). 

The  turbine  inlet  teapersture  of  the  working  fluid  has 
a  great  effect  upon  the  radiator  area,  as  nay  be  expected. 
Since  the  heat  radiated  raries  as  the  fourth  power  of  the 
radiator  temperature,  any  increase  in  turbine  inlet  temperature 
will  result  in  an  Increased  radiator  temperature,  and  a  conse¬ 
quent  substantial  increase  in  the  heat  radiated.  Figure  6  in¬ 
dicates  the  decrease  in  radiator  area  for  progressively  higher 
turbine  inlet  teaperatures .  For  this  figure,  the  actual  Ranldne 
cycle  was  used,  with  a  systea  power  output  of  1  megawatt,  a 
turbine  efficiency  of  85  percent,  and  potassiua  as  the  working 
fluid.  It  should  be  noted  that  for  minimum  radiator  area,  the 
radiator  temperature  is  always  approximately  three-fourths  of 
the  turbine  Inlet  temperature,  ae  previously  determined. 

Thus  far,  the  thermodynamics  of  the  ideal  Carnot  cycle 
and  the  actual  Rankiae  eycle  haws  boom  Investigated,  the  dif¬ 
ferences  in  efficiencies  of  the  cycles  have  boon  illustrated, 
expressions  hare  boon  determined  for  the  optimum  relationship 
between  turbine  inlet  temperature  and  radiator  temperature  and 
for  the  minimum  radiator  area,  and  the  effect  of  increased 
temperatures  upon  radiator  area  has  been  illustrated.  In  the 
next  section,  sul table  working  fluids  will  be  evaluated. 

3.  WORKHG  FLUIDS 

Proper  selection  of  the  working  fluid  for  the  system  is  of 
utmost  importance.  The  properties  of  the  fluid  will  affect  the 
efficiency  of  the  cycle,  the  weight  of  the  system,  and  the 
performance  temperature.  The  primary  functions  of  the  working 
'  fluid  are  to  absorb  heat  from  the  nuclear  reactor  heat  source, 
provide  driving  force  for  the  turbine,  and  carry  waste  heat 
from  the  turbine  to  the  heat  rejection  system.  In  addition,  it 
may  provide  lubrication  for  moving  parts  in  the  system. 
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Working  fluids  nay  be  elements,  alloys  or  compounds .  The 
elements  are  more  farorable  than  the  alloys  or  compounds  be¬ 
cause  of  their  greater  stability  during  long-term  operation. 
Alloys  and  compounds  may  decompose  or  change  properties  when 
undergoing  boiling  or  during  high  temperature  operation,  or 
when  subjected  to  nuclear  radiation.  Therefore,  in  this  report, 
considerstion  will  be  given  only  to  elements  as  possible  working 
fluids. 

The  following  physical  properties  of  the  working  fluid  sre 
of  interest  when  the  fluid  is  considered  for  use  in  a  turbine 
and  radiators 

( 1 )  Melting  point  —  low  melting  points  are  desirable  for 
ease  of  start-up. 

(2)  Boiling  point  —  boiling  points  should  be  low  enough 
to  permit  condensation  at  reasonable  pressures 
without  requiring  heavy  structures. 

(3)  Vapor  pressure  —  vapor  pressure  should  be  low 
enough  at  operating  temperatures  to  avoid  a 
requirement  for  heavy  plumbing. 

(4)  Specific  volume  of  vapor  —  specific  volumes 
should  be  low,  or  conversely,  densities  should 

be  high,  to  minimise  the  sises  of  vapor  passages. 

(5)  Density  of  liquid  —  the  density  of  the  liquid 
should  be  low  to  reduce  the  weight  of  the  fluid 
inventory. 

(6)  Viscosity  —  the  viscosity  of  the  fluid  should  bo 
low  to  reduce  pressure  drops  in  flow  passages. 

In  addition  to  favorable  physical  properties  as  just  de¬ 
scribed,  the  working  fluid  should  also  have  favorable  heat 
transfer  properties,  such  ast 

(1)  Thermal  conductivity  —  the  thermal  conductivity 
of  the  fluid  should  be  high  to  assure  adequate 
heat  transfer  with  a  minimum  area. 

(2)  Specific  heat  —  the  specific  heat  of  the  fluid 
should  be  high  to  minimise  the  fluid  inventory  and 
structure. 
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(3)  Latent  haat  of  vaporisation  —  the  latent  heat 
of  vaporisation  ahonld  be  high  to  nlnlaise  the 
fluid  inventory  and  structure. 

Por  the  power  cycle  as  considered  in  this  paper,  the  fol¬ 
lowing  properties  of  the  working  fluid  are  also  of  interest! 

(1)  Veutron  absorption  cross  section  —  the  neutron 
absorption  cross  section  should  be  low  to  assure 
reliable  long-tern  operation  with  the  nuclear  re¬ 
actor  heat  source. 

(2)  Corrosiveness  —  the  fluid  should  be  as  non- 
corrosive  as  possible  to  assure  coapatibUity  with 
available  structural  naterials. 

(3)  Long-tine  stability  under  high  tenperatures  and 
nuclear  radiation  —  the  fluid  nust  not  lose  1th 
properties  during  extended  exposure  to  nuclear 
radiation  and  continued  high  tenperatures. 

A  nunber  of  flms  have  Investigated  fluids  suitable  for 
power  cycles  and  cooling  systeas  in  space  applications.  One  of 
the  nost  recent  studies  wss  by  Southwest  Research  Institute, 
under  sponsorship  of  the  Wright  Air  Developaent  Center.  Their 
technical  report  by  Weatherford,  Tyler  and  Ku  [6]  states  that 
several  considerations  are  necessary  in  selecting  a  suitable  fluid! 

"As  design  teapera  turns  Inc  res  se  In  the  future,  it  nay 
be  necessary  to  consider  less  volatile  coolants  than  alkali  netals 
in  order  to  avoid  excessive  Ranldne  cycle  pressures.  With  this 
thought  in  aind,  (the  following  table)  presents  a  suanary  of 
selected  aetals  with  boiling  points  ranging  froa  that  of  aercury 
at  less  than  700*F  to  that  of  tin  at  nearly  5000*P.  Two  cri¬ 
teria  have  been  used  for  selecting  the  specified  aetals.  One 
is  thst  the  aelting  point  is  less  than  640*F  so  that  start-up 
does  not  present  unnecessary  proMeas.  The  other  criterion 
is  that  the  t  nape  return  range  in  which  aetal  is  liquid  at  ataos- 
pherlc  pressure  is  greater  than  60  percent  of  the  absolute 
boiling  teapera  turn  in  order  that  cycle  teapera  turns  and,  hence, 
cycle  efficiencies  will  not  be  unnecessarily  restricted  by  the 
svoidsnce  of  solid-phase  foraation  or  excessive  vapor  pressures. 
It  should  be  noted  thst  the  described  selection  criteria  ruled 
out  consideration  of  alnalnan,  cadatua,  sine,  aagaeslua,  and  an- 
tiaony  which  have  been  considered  previously  as  potential  Kquld- 
aetal  coolants. 
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Metal 

Symbol 

Noraal 
Boiling 
Point,  *R 

Melting 
Point,  *R 

Melting  Point- 
Boiling  Point 
Ratio 

Mercury 

BC 

1134 

422 

0.37 

Cealua 

Cs 

1720 

543 

0.32 

Rubidiua 

kb 

1730 

562 

0.32 

Potasslua 

K 

i860 

606 

0.32 

Sodlua 

Ha 

2093 

668 

0.32 

Lithiua 

14 

2897 

817 

0.28 

ThaHua 

T1 

3132 

1039 

0.33 

Blsauth 

at 

3298 

981 

0.30 

Lead 

Pb 

3643 

1082 

0.30 

Indiua 

In 

4176 

772 

0.27 

GalUua 

Ga 

4518 

545 

0.12 

Tin 

Sn 

5328 

909 

0.17  ." 

The 

discussion  thus 

far  in  this 

section 

Indicates  that 

the  working  fluid  should  preferably  be  an  eleaent,  and  that 
liquid  aetals  are  attractive.  In  addition  to  the  liquid  aetals, 
sulfur  and  phosphorus  are  In  the  correct  temperature  range 
for  application  in  heat  rejection  systens.  However,  very 
little  is  known  about  the  corrosiveness  or  Material  coapatibility 
of  sulfur  and  phosphorus  at  elevated  tenpera tores,  except  for 
a  one  data  showing  that  sulfur  is  conpatible  with  selected  ceranic 
Materials  up  to  1600 *P  [6]  •  Therefore,  sulfur  and  phosphons 
will  not  be  considered  further  in  this  paper. 

As  a  first  step  in  selecting  suitable  working  fluids,  an 
upper  teaperature  Halt  can  be  laposed.  It  aay  be  reasonably 
expected  that  approximately  2500  *P  will  be  the  teaperature 
liaitatlon  of  structural  Materials  within  the  next  decade  or  so. 
Using  2500  *P  as  an  upper  Halt,  and  selecting  froa  the  table 
just  shown,  the  liquid  aetals  then  suitable  for  a  working  fluid 
are  aercury,  cealua,  rubidiua,  potasslua,  sodlua  and  lithiua. 

As  a  second  step  in  choosing  the  working  fluid,  consider* 
ation  is  given  to  the  vapor  pressures  of  the  six  suitable  liquid 
aetals.  figure  7  shows  the  vapor  pressures  plotted  against 
*  the  teaperature.  This  figure  nay  be  used  to  iapose  further 
restrictions  upon  the  fluid.  A  lower  teaperature  Halt  of  600*P 
will  be  set  to  assure  efficient  operation  of  the  cvcle  and  of 
the  radiator.  An  upper  teaperature  Halt  of  2500*P  has  already 
been  selected.  A  lower  pressure  Unit  of  3  pels  will  be  selected 
to  avoid  bulky  and  heavy  flow  passages  due  to  the  associated 
high  specific  voluaea.  An  upper  pressure  Halt  of  several  hun¬ 
dred  psla  will  be  selected  to  avoid  heavy  pressurised  structures. 
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Vhto  Umm  Uait«  are  shown  on  Ptfuro  7,  It  becomes  apparent 
that  tho  no  at  attractive  fluids  ara  rubidium,  cesium,  potassium, 
and  sodUaa.  LltMun  appoars  to  bo  noro  attractive  for  higher 
temperature  systems,  and  no  re  ary  for  lower  temperature  aye  tana. 

A  third  a  tap  in  narrowing  the  selection  of  the  working  fluid 
la  to  consider  the  neutron  absorption  cross  sections  of  the  six 
liquid  net  ale  The  thermal  neutron  (2200  qh  )  absorption  cross 

sections  of  the  naturally  occurring  elements  are  given  by  [6] 
as  follewot 


Mercury 

380 

± 

20 

barns 

Cesium 

29 

♦ 

1.5 

barns 

Rubidium 

0.70 

± 

0.07 

barns 

Potassium 

1.97 

1 

0.06 

bams 

Sodium 

0.505 

1 

0.010 

barns 

Lithium 

71.0 

1 

1.0 

barns 

The  high  neutron  absorption  eroos  sootions  for  mercury,  cesium, 
and  Uthiun  make  them  unsuitable  for  use  in  a  vapor-condensing 
oyole  util  stag  a  nuclear  reaotor  heat  source.  An  isotope  of 
noreury,  Hg ••*,  has  an  absorption  eroos  oootlon  of  0.43  ±  0.10 
barns,  and  thus  could  bo  considered  for  use  in  a  nuclear  re¬ 
aotor  if  its  other  properties  wore  more  attractive  than  rubidium, 
potassium  or  sodium.  teeogolalag  that  mercury,  oealum,  and  lith¬ 
ium  are  mot  well  suited  for  tho  nuclear  reactor  -  thermal  system 
considered  here  because  of  their  high  cross  sections,  the  re¬ 
maining  fluids  are  rubidium,  potassium,  and  sodium. 

Tho  physical  and  thermal  properties  of  rubidium,  potassiun, 
and  sodium  are  shown  in  Table  1.  Comparing  the  properties  of 
the  fluids,  several  differences  are  significant.  The  density  of 
rubldiun  vapor  at  tho  boiling  point  Is  approximately  twice  that 
of  potassium  and  approximately  four  times  that  of  sodium.  This 
would  indicate  that  smaller  vapor  pasaagee  would  be  required  for 
rubidium.  However,  the  latent  heat  of  vaporisation  of  rubidium 
is  less  than  that  of  potassium  and  sodium,  so  for  a  given  power 
rating,  a  greater  mass  of  rubidium  must  be  condensed,  thus  off¬ 
setting  its  apparent  advantage  of  higher  vapor  density.  The 
lower  viscosity  of  potassiun  vapor  makes  potassiun  appear  ad¬ 
vantageous.  The  higher  specific  heat  and  higher  thermal  con¬ 
ductivity  of  sodium  makes  that  fluid  attractive. 

The  difference  in  boiling  points  for  the  three  fluids  re¬ 
quire  different  operating  temperatures  to  assure  optimum  cycle 
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TABLE  1 

PHYSICAL  AND  THEBMAL  PROPERTIES  OP  RUBIDIUM,  POTASSIUM  AND  SODIUM* 
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efficiency  and  optimum  radiator  area  for  each  fluid.  Thus,  it 
may  be  seen  that  it  is  difficult  to  select  the  most  suitable 
working  fluid  for  the  system  described  herein  without  making  a 
complete  cycle  performance  analysis  for  each  of  the  fluids,  and 
then  comparing  the  analyses.  Such  a  procedure  is  beyond  the 
scope  of  this  report. 

Potassium  has  physical  and  thermodynamic  properties  general¬ 
ly  between  those  of  rubidium  and  sodium,  so  may  be  considered 
to  be  a  reasonable  choice.  Also ,  the  properties  of  potassium 
are  well  known,  which  will  enhance  the  accuracy  of  thermodynamic 
calculations.  Potassium  is  commercially  available,  and  thus  has 
an  advantage  over  rubidium. 

Reference  [6]  contains  figures  for  the  foregoing  fluids 
showing  the  vapor  pressure,  liquid  density,  vapor  density,  liquid 
viscosity,  vapor  viscosity,  and  materials  compatibility,  as  well 
as  a  Mollier  diagram  for  each  fluid.  In  addition.  Ref.  [6]  con¬ 
tains  tables  showing  the  physical,  thermal,  and  thermodynamic 
properties  of  the  fluids,  and  should  be  consulted  if  further 
data  is  desired. 
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